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The extracellular matrix differentially directs myoblast motility 
and differentiation in distinct forms of muscular dystrophy☆:
Dystrophic matrices alter myoblast motility

Ashlee M. Longa, Jason M. Kwona, GaHyun Leea, Nina L. Reisera, Lauren A. Vaughta, 
Joseph G. O’Briena, Patrick G.T. Pagea, Michele Hadhazya, Joseph C. Reynoldsb, Rachelle 
H. Crosbieb, Alexis R. Demonbreuna,c,*, Elizabeth M. McNallya,**

aCenter for Genetic Medicine, Northwestern University Feinberg School of Medicine, Chicago, IL 
60611, USA

bDepartment of Integrative Biology and Physiology, UCLA, Los Angeles, CA; Department of 
Neurology David Geffen School of Medicine, UCLA, Los Angeles, CA, USA

cDepartment of Pharmacology, Northwestern University Feinberg School of Medicine, Chicago, IL 
60611, USA

Abstract

Extracellular matrix (ECM) pathologic remodeling underlies many disorders, including muscular 

dystrophy. Tissue decellularization removes cellular components while leaving behind ECM 

components. We generated “on-slide” decellularized tissue slices from genetically distinct 

dystrophic mouse models. The ECM of dystrophin- and sarcoglycan-deficient muscles had marked 

thrombospondin 4 deposition, while dysferlin-deficient muscle had excess decorin. Annexins 

A2 and A6 were present on all dystrophic decellularized ECMs, but annexin matrix deposition 

was excessive in dysferlin-deficient muscular dystrophy. Muscle-directed viral expression of 

annexin A6 resulted in annexin A6 in the ECM. C2C12 myoblasts seeded onto decellularized 

matrices displayed differential myoblast mobility and fusion. Dystrophin-deficient decellularized 

matrices inhibited myoblast mobility, while dysferlin-deficient decellularized matrices enhanced 

myoblast movement and differentiation. Myoblasts treated with recombinant annexin A6 increased 

☆TEASER: Fibrosis in muscular dystrophy has differential effects on myoblasts

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
*Corresponding author at: Center for Genetic Medicine, Northwestern University, 303 E Superior SQ 5-512, Chicago, Il 60611 USA, 
F: 1 312 503 5603. alexis.demonbreun@northwestern.edu (A.R. Demonbreun). **Corresponding author at: 303 E Superior SQ 5-516. 
elizabeth.mcnally@northwestern.edu (E.M. McNally).
Author contribtuitions
AL, JK, NR, JO, GL, and AD prepared dECMs and performed immunofluorescence imaging. AL and AD quantified the fluorescence 
images and performed the migration and differentiation studies. MH performed mouse husbandry. AL, NR and LV performed the 
muscle isolations and related immunoblots. AD, LV, and JK performed the AAV study. JO and GL performed the RNA sequencing 
analysis. PP performed histological stains. RC and JR provided dECM methodology and critical input in experimental design. AL, AD 
and EM conceived and designed the studies, analyzed the data, and wrote the manuscript.

Declaration of competing interest
Northwestern University filed provisional patents #62/783,619 and #63/309,925 on behalf of the authors (ARD and EMM). EMM is 
or has been a consultant to Amgen, AstraZeneca, Cytokinetics, PepGen, Pfizer, and Tenaya Therapeutics and is the CEO of Ikaika 
Therapeutics. ARD is the CSO of Ikaika Therapeutics

Supplementary materials
Supplementary material associated with this article can be found, in the online version, at doi:10.1016/j.matbio.2024.04.001.

HHS Public Access
Author manuscript
Matrix Biol. Author manuscript; available in PMC 2024 May 20.

Published in final edited form as:
Matrix Biol. 2024 May ; 129: 44–58. doi:10.1016/j.matbio.2024.04.001.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by-nc-nd/4.0/


mobility and fusion like that seen on dysferlin-deficient decellularized matrix and demonstrated 

upregulation of ECM and muscle cell differentiation genes. These findings demonstrate specific 

fibrotic signatures elicit effects on myoblast activity.
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Extracellular matrix; Duchenne muscular dystrophy; Limb girdle muscular dystrophy; Muscle; 
Annexin; Myoblast; Dysferlin

Introduction

Muscular dystrophies are defined by continual replacement of muscle fibers by fibrosis. 

Patterns of fibrosis appear similar across genetically distinct forms of muscular dystrophy. 

Mutations that disrupt the dystrophin glycoprotein complex (DGC) produce a fragile 

muscle plasma membrane. Duchenne muscular dystrophy (DMD) is caused by loss-of-

function mutations in the dystrophin gene [1,2]. Within the DGC is the sarcoglycan 

complex, and recessive loss-of-function mutations in genes encoding α-, β-, δ-, or γ-

sarcoglycan result in Limb Girdle muscular dystrophy (LGMD) that resembles DMD [3-5]. 

Excessive muscle contraction and trauma can also induce membrane rupture, requiring 

a quick and efficient means of repair to prevent cellular necrosis. Dysferlin is a calcium-

dependent, phospholipid-binding protein that facilities muscle membrane repair [6-11], 

and loss-of-function mutations in DYSF, the gene encoding dysferlin, also cause LGMD 

[7,12]. Dysferlin mutations are associated with remarkably high serum creatine kinase 

levels, indicative of muscle membrane leak, as well as proximal muscle weakness and 

inflammatory infiltrate [13]. Patients with DYSF mutations, unlike other forms of muscular 

dystrophy, can often have completely normal to enhanced muscle function in early life with 

later onset of muscle weakness [14].

Mouse models recapitulate many of the pathological features seen in the human muscular 

dystrophies [15-22]. The mdx mouse harbors a single point mutation in exon 23, resulting 

in loss of full-length dystrophin [19]. Genetic background can shift the pathological and 

functional manifestations of muscular dystrophy [23,24]. Most mouse models, including 

mdx mice, are on C57BL substrains, and in this background these models exhibit relatively 

mild muscle disease. In contrast, the DBA/2 J strain intensifies membrane fragility and 

fibrosis in Sgcg null mice, which lack the dystrophin-associated protein γ-sarcoglycan [24]. 

Similarly, in the DBA/2 J strain the mdx mouse displays greater muscle damage, increased 

inflammation and increased intramuscular fibrosis compared to the C57BL/10 strain [20,25].

The increase in disease severity conferred by the DBA/2 J background has been attributed 

to genetic modifiers including latent TGF-β binding protein 4 (LTBP4); LTBP4 and the 

modifier osteopontin (OPN/SPP1) converge on the TGF-β pathway in a feed forward cycle 

[26]. Anxa6, encoding annexin A6, was also mapped as a genetic modifier of muscular 

dystrophy [27]. Annexin A6 (ANXA6) is a known membrane repair protein that acts 

as a molecular band-aid, aiding in membrane resealing, improving repair capacity upon 

membrane injury [27-31]. Within the muscle extracellular matrix (ECM), the role of 
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ANXA6 is less defined but, as a protein class, annexins have been implicated in cellular 

migration and differentiation [32-35].

The muscle ECM influences myofiber function as well as muscle repair and regeneration. 

Proteins which make up the core ECM include collagens, glycoproteins, and proteoglycans. 

Another group of ECM proteins, termed matricellular proteins include secreted factors, 

regulators, and other matrix-affiliated proteins, and these proteins mediate cell-matrix 

interactions referred to as “dynamic reciprocity”, reflecting bi-directional interplay [36-38]. 

Some matricellular proteins were originally considered to be solely intracellular but were 

subsequently shown to have extracellular roles. For example, calrecticulin, an endoplasmic 

reticulum (ER)-localized protein is now recognized to have bioactive roles as a matricellular 

protein [39]. In healthy tissue, matricellular proteins participate in feedback loops between 

the matrix and cells to influence cellular behavior and maintain homeostasis. In normal 

muscle and after muscle injury, ECM remodeling is an essential regulator of growth, 

repair, and recovery. In muscular dystrophy however, there is ongoing and repetitive injury 

concomitant with attempted repair [40-42]. This repetitive injury results in inappropriate 

remodeling of the ECM and accumulation of matricellular proteins.

Analysis of the ECM composition relies on separation of the insoluble-ECM fraction 

from the soluble-cellular fraction of proteins. To effectively separate these two fractions, 

tissues need to be decellularized with complete removal of cellular proteins, allowing 

for enrichment of ECM proteins [43]. In situ decellularization of tissues results in the 

decellularization of an entire organ with retention of an intact native ECM scaffold [44,45]. 

One drawback to whole tissue decellularization is the lengthy exposure needed to penetrate 

less accessible aspects of the tissue, resulting in uneven decellularization or even tissue 

degeneration. An “on-slide” tissue decellularization method was optimized for skeletal 

muscle in which tissue slices were treated with 1 % SDS to produce decellularization and 

retain spatial aspects of the tissue [46].

We now applied this on-slide decellularization to evaluate the ECM composition across 

genetically distinct mouse models of muscular dystrophy. We identified differential ECM 

protein deposition between dystrophin-deficient and dysferlin-deficient skeletal muscles. 

Excess deposition of matricellular ECM proteins was characteristic of dystrophic muscle 

and was not observed in healthy muscle ECMs. We found that ECM from the more 

fibrotic DBA/2 J (D2) dystrophic background had the most significant increase in 

protein expression of decorin, periostin, thrombospondin 4 and matrix metalloproteinase 

9. Interestingly, dysferlin-null muscle displayed the highest expression of matrix-associated 

annexin A2 and annexin A6. dECMs differentially supported C2C12 myoblast motility and 

differentiation. Myoblasts seeded onto dECMs from the mdx DBA/2 J background inhibited 

myoblast migration. Conversely, myoblast migration was enhanced on the dysferlin-null 

dECM compared to wildtype and mdx dystrophic scaffolds. Myoblasts seeded onto 

the dysferlin-null scaffolds demonstrated increased differentiation potential compared to 

wildtype scaffolds. Exposing myoblasts to recombinant annexin A6 was sufficient to 

enhance myoblast migration and movement and also increased myoblast fusion activity. 

Bulk RNA-sequencing of recombinant annexin A6-treated myoblasts showed upregulation 

of genes associated with muscle differentiation and extracellular matrix. These data illustrate 
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that differential protein deposition into the ECM mediates cellular crosstalk in the muscular 

dystrophies and identify annexin A6 as an important differentiator mediating myoblast 

migration and differentiation.

Results

Generation of acellular myoscaffolds using detergent decellularization.

Decellularized scaffolds from heart and muscle have been studied for their ability to 

support cellular regeneration, but most commonly these methods have been applied to 

whole organs or tissues (reviewed in [47]). Recently Stearns-Reider et al. published an 

“on-slide” decellularization method using 30μm tissue sections exposed to 1 % SDS for 40 

mins to generate dECM myoscaffolds [46]. We adapted and optimized the generation of 

dECM scaffolds to ensure reproducible removal of intracellular components and DNA while 

retaining ECM architecture and function. We evaluated a range of sodium dodecyl sulfate 

(SDS) exposure by incubating 25μm sections from WT and mdx quadriceps muscles in 1 % 

SDS for 10–30 min. Removal of the cellular components after decellularization was assessed 

through hematoxylin and eosin (H&E) staining, with complete decellularization observed 

by 10 min (Fig. 1A). Decellularization was attempted with less SDS (0.1 %) for 0–60 

min (Fig. 1B; Supplemental Fig. 1). However, at the lower concentration, decellularization 

remained incomplete after 20–40 min. Complete decellularization was seen after a 60-

minute incubation with 0.1 % SDS (Fig. 1B), but to have less potential degradation, higher 

SDS concentration was used at the shorter incubation time.

Acellular myoscaffolds retain key ECM proteins and architectural integrity.

We interrogated the protein composition of dECMs from multiple muscular dystrophy 

mouse models including mice lacking dystrophin (mdx), sarcoglycan (Sgcg), or dysferlin 

(BLAJ). We also evaluated the effect of genetic background by including dystrophic models 

on the DBA/2 J (D2) background (mdxD2 and SgcgD2) since this background induces 

more intense fibrosis (Supplemental Table 1). The mutations underlying mdx and Sgcg mice 

disrupt sarcolemma stability, while the BLAJ model is defective in membrane repair. In 

each dECM model, matrix quality was assessed following decellularization to determine 

retention of key proteins and architectural integrity [48,49]. Complete removal of the cellular 

components in the dECMs across all strains was confirmed by H&E staining (Fig. 2A), and 

Sirius Red staining evaluated collagen deposition and integrity (Fig. 2B). Intact collagen 

structure was visualized within the dECMs with increased collagen deposition observed in 

more severe muscular dystrophy models as expected based on disease severity (mdxD2 > 

mdx > WT). Retention of glycosaminoglycans (GAGs) post decellularization was confirmed 

with Alcian Blue staining (Fig. 2C).

The architectural integrity of the acellular myoscaffolds was further interrogated 

through immunofluorescence microscopy (IFM) of laminin and collagen pre- and 

post-decellularization. Antibodies against laminin α2 (LAMA2) and collagen type 1 

demonstrated intact laminin and collagen within the dECM scaffolds across all strains 

(Fig. 3A and B). Interestingly, both ECM proteins were more readily visualized in acellular 

scaffolds. This pattern is thought to reflect enhanced epitope exposure after cellular removal 
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[46,50,51]. Elimination of nucleic acids with SDS was confirmed using Hoechst staining 

(Fig. 3C). Additionally, we confirmed the SDS method reduced DNA remnants as expected 

by comparing DNA content from decellularized and non-decellularized tissue sections. 

Exposure to 1 % SDS decellularization reduced intact DNA to less than 50 ng dsDNA per 

mg ECM (Supplemental Fig. 1). Not all proteins were deposited into dystrophic dECMs 

since there was little signal for membrane-associated proteins like dystrophin and caveolin 3 

in dECMs (Supplemental Fig. 2). We selected a 10-minute incubation with 1 % SDS since it 

yielded intact dECMs devoid of cellular components and nucleic acids while retaining core 

components of the ECM and maintaining architectural integrity.

Core matrisome proteins are increased in dystrophin-deficient dECM while only periostin is 

increased in dysferlin-deficient dECM. ECM components can be separated into “core” and 

“associated” matrisome proteins [52,53]. Core matrisome proteins fall into three categories: 

glycoproteins (194), collagens (44), and proteoglycans (36) (Fig. 4A) [52,53]. We evaluated 

selected core matrisome proteins including decorin (DCN), periostin (POSTN), and 

thrombospondin-4 (THBS4) since each of these proteins has been implicated in muscular 

dystrophy pathology [54-59] (Fig. 4B). Antibodies to DCN, POSTN, and THBS4 each 

displayed increased signal in the dECMs from the more severely fibrotic muscular 

dystrophy muscles (Fig. 4C). Excess DCN, POSTN, and THBS4 were each observed in 

the myoscaffolds of mdxD2 compared to mdx and increased in mdx compared to WT (Fig. 

4C).

Quantitative analysis of the fluorescence patterns of DCN, POSTN, and THBS4 protein 

expression in acellular myoscaffolds from WT, mdx, mdxD2, and BLAJ is shown in Fig. 4D 

and F. DCN, POSTN, and THBS4 intensity was significantly increased in mdxD2 acellular 

dECM myoscaffolds compared to mdx and WT matrices. Fluorescence intensity was also 

increased in mdx compared to WT for DCN and POSTN. A consistent pattern of mdxD2 
> mdx > WT was observed (Fig. 4D and F). Acellular myoscaffolds generated from the 

BLAJ muscle had significantly less matrix protein compared to mdxD2 for all three core 

matrisome proteins analyzed, with protein levels trending similarly with the mdx scaffolds 

for POSTN and DCN (Fig. 4D and E). Interestingly, THBS4 levels in BLAJ dECMs 

were similar to WT THBS4 levels (Fig. 4F). WT myoscaffolds generated from the DBA/2 

J strain had similar expression patterns as WTB6 with minimal DCN, POSTN, THBS4 

signal, indicating the dystrophic process contributed to pathological matrix remodeling 

(Supplemental Fig. 3A). Quantification analysis of fluorescence area demonstrated similar 

results to fluorescent intensity (Supplemental Fig. 3B). Immunoblotting of cellular and urea 

solubilized muscle proteins isolated from WT, mdx, mdxD2, and BLAJ mice for DCN and 

POSTN mirrored the IFM quantitation (Supplemental Fig. 4).

Dysferlin-deficient BLAJ dECMs had a distinct pattern of dECM remodeling with only 

POSTN showing an increased signal compared to WT. This increased POSTN pattern in 

BLAJ dECMs filled the interstitial space surrounding the laminin α2 (LAMA2) staining, 

in contrast to the pattern seen in mdxD2 dECMs, where LAMA2 regions were interspersed 

with POSTN around myofibers, leaving the LAMA2 signal visible (Fig 4G). The lack 

of increased THBS4 was confirmed in dysferlin-deficient BLAJ dECMs, and additionally 
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THBS4 had a vesicular pattern in dECMs from mdxD2 (Fig. 4H). These data demonstrate 

that core matrisomal proteins differ across different forms of muscular dystrophy.

Matrisome-Associated Proteins, MMP9, TIMP-1, and TGF-β1, in acellular myoscaffolds.

The matrisome associated protein category separates into three sub-categories: Secreted 

Factors (367), ECM-Affiliated (165), and Regulators (304) (Fig. 5A) [52,53]. We evaluated 

muscular dystrophy relevant proteins from each category including annexin A2 (ANXA2), 

annexin A6 (ANXA6), matrix metalloproteinase-9 (MMP9), TIMP metallopeptidase 

inhibitor 1 (TIMP-1), and transforming growth factor beta 1 (TGF-β1) (Fig. 5B). After 

decellularization, acellular myoscaffolds were probed with antibodies to MMP9, TIMP-1, 

or TGF-β1 and with anti- LAMA2 (Fig. 5C). TIMP-1 was distributed uniformly throughout 

the matrix in all genetic models, while MMP9 and TGF-β1 had distinct focal patterns 

of distribution in dystrophic dECMs. mdxD2 had significantly greater MMP9 and TGF-

β1 compared to mdx, and mdx expression levels were greater than WT (Fig. 5D and 

F). DBA/2 J WT myoscaffolds demonstrated similar expression patterns as WTB6 with 

minimal ANXA2, ANXA6, MMP2, TIMP1, and TGF-β1 signal present in the myoscaffold 

(Supplemental Fig. 3A). dECM myoscaffolds from dysferlin-deficient BLAJ muscle tissues 

had MMP9 and TGF-β1 protein levels similar to or slightly increased compared to mdx, 

respectively. TIMP-1 expression was increased over WT in a similar fashion across mdx, 
mdxD2, and BLAJ (Fig. 5D and F). Thus, acellular dECM myoscaffolds retained key core 

and matrisome-associated proteins and these patterns differed across different muscular 

dystrophy subtypes.

Annexins A2 and A6 were significantly increased in BLAJ dECM compared to other 
muscular dystrophy myoscaffolds.

The annexin protein family members, including annexin A2 and A6, belong to the 

matrisome-affiliated category in the subcategory of ECM-affiliated proteins [52,53,60]. 

Acellular dECM myoscaffolds were probed with antibodies to ANXA2 or ANXA6 and 

anti-laminin α2 (LAMA2) demonstrating increased ANXA2 and ANXA6 in the matrix 

of more severely fibrotic models of muscular dystrophy including mdxD2 and SgcgD2 
(Fig. 6A; Supplemental Fig. 5). Quantitative fluorescence intensity analysis indicated 

that ANXA2 and ANXA6 signal in mdxD2 acellular dECM myoscaffolds was increased 

compared to WT, as expected (Fig. 6A and B). Interestingly, the BLAJ dECM had 

markedly greater ANXA2 and ANXA6 signal compared to all other strains and genotypes 

(Fig. 6A-C). The two annexins displayed different expression profiles with ANXA2 

exhibiting lower-level, diffuse expression within the matrix compared to ANXA6, which 

was abundant in vesicle-like structures (Fig. 6D). Z-stack images showed the increased 

accumulation of ANXA6 vesicles especially in the dECM of BLAJ scaffolds (Fig. 6E; 

thin white arrow). However, in areas of high ANXA6 deposition, ANXA6 appeared as 

a solid rim over LAMA2, surrounding what remained of the acellular myofibers (Fig. 

6E; thick white arrow). To investigate whether mature skeletal muscle could serve as a 

potential source of matrix-associated ANXA6, we generated human GFP-tagged ANXA6 

utilizing an adeno-associated virus 9 (AAV9) vector driven by the striated muscle specific 

promotor: MHCK7 (AAV9-MHCK7-ANXA6-GFP; Supplemental Fig. 6). The increase in 

ANXA6 expression produced by this viral approach was only 1.1X normal, on par with 
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upregulation seen in dystrophic muscle [61]. Mice injected with AAV9-MHCK7-ANXA6-

GFP exhibited ANXA6-GFP expression in quadriceps muscle sections which was absent 

in PBS injected mice (Supplemental Fig. 6E). Acellular myoscaffolds generated from 

AAV9-injected quadriceps sections displayed ANXA6-GFP deposition in the ECM (Fig. 

6F; white arrows), indicating that extracellular ANXA6 can originate from myofibers. Since 

ANXA6 in dECMs may derive from multiple cellular sources, we looked for co-localization 

with PDGFRα in native muscle since PDGFRα is enriched in fibro-adipogenic progenitor 

cells (FAPs). BLAJ native muscles sections were probed for ANXA6 and PDGFRα. Only 

a small fraction of PDGFRα co-localized with ANXA6 (Fig. 6G; white arrows), and 

most extracellular ANXA6 protein did not overlap with PDGFRα expression (Fig. 6G), 

suggesting that multiple cellular sources may be responsible for ANXA6 deposition in 

dystrophic muscle.

Dystrophin-deficient dECMs inhibit migration of C2C12 myoblasts seeded onto 
myoscaffolds while dysferlin-deficient dECMs promote C2C12 migration.

Muscle regeneration is generally impaired in severely dystrophic muscle [62], with mdxD2 
mice having even more impaired muscle regeneration compared to mdx muscle [20]. 

Stearns-Reider showed that skeletal muscle progenitor cells derived from human pluripotent 

stem cells had reduced mobility and differentiation on mdx dECMs [46]. We evaluated the 

migration patterns of undifferentiated C2C12 myoblasts seeded onto dECMs prepared from 

multiple dystrophic models (Fig. 7A). C2C12 myoblasts were allowed to seed for 24 h 

then, cell migration was recorded for the next 24–48 h with images acquired every 20 min 

(experimental timeline shown in Supplemental Fig. 7). C2C12 myoblasts seeded on mdx and 

mdxD2 dECMs had reduced movement throughout the matrix compared to BLAJ and WT 

dECMs (Fig. 7B; black arrows; movement quantified in Fig. 7C). Conversely, an increase 

in the frame-frame distance was seen for C2C12 myoblasts seeded on BLAJ compared to 

WT dECMs (Fig. 7C). A similar pattern was observed in the distanced traveled from the 

start position by C2C12 myoblasts on the matrices with BLAJ > WT > mdx > mdxD2 (Fig. 

7D). Myoblast speed was also affected by the dECM substrate. Myoblasts seeded on BLAJ 
dECMs demonstrated greater speed compared to WT, mdx and mdxD2 (Fig. 7E), while 

myoblasts seeded on mdx and mdxD2 myoscaffolds had reduced speed compared to WT 

scaffolds (Supplemental video 1 and 2).

In addition to impacting cellular migration, the extracellular environment provides local cues 

that aid in muscle growth and regeneration influencing the fusion capacity of mononuclear 

myoblasts into multi-nucleated myotubes. We assessed the differentiation potential of 

myoblasts seeded on BLAJ acellular myoscaffolds. C2C12 myoblasts were seeded onto 

WT or BLAJ dECMs for 24 hrs and then serum was withdrawn to induce differentiation 

over a period of 96 hrs. The seeded scaffolds were subsequently fixed and stained with 

antibodies to myosin heavy chain 4 (MyHC), a marker of mature myotubes, and LAMA2 

to visualize the matrix (Fig. 7F). Cell density was comparable between WT and BLAJ 
scaffolds (Fig. 7G). On BLAJ scaffolds, MyHC+ myotubes were larger and contained more 

nuclei per myotube, compared to MyHC+ myotubes formed on WT scaffolds (Fig. 7F-I; 

White arrows). MyHC+ myotubes with 2 or >3 nuclei were increased on BLAJ scaffolds 

compared to WT-seeded scaffolds (Fig. 7I), consistent with BLAJ scaffolds inducing greater 
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myoblast fusion. Therefore, BLAJ scaffolds promoted enhanced myoblast migration and 

fusion compared to WT.

Recombinant Annexin A6 treated myoblasts demonstrate increased migration and 
upregulation of genes associated with muscle differentiation.

Because the altered matrix composition observed in dysferlin-deficient BLAJ matrices was 

characterized by increased ANXA6 deposition, and this same matrix supported increased 

myoblast motility and fusion capacity, we assessed whether ANXA6 itself contributed to 

differential cellular behavior. C2C12 myoblasts cultured on standard plates were treated with 

0, 20, or 50 μg/mL of recombinant ANXA6 (rANXA6) and cell migration was recorded for 

12–24 h with images acquired every 20 min. C2C12 myoblast cells treated with rANXA6 

had a dose-dependent increase in movement per frame (Fig. 8A; movement per frame 

quantified in Fig. 8B; Supplemental video 3 and 4). A similar pattern was observed in the 

distanced traveled from the start position by rANXA6 treated C2C12 myoblasts with 50 

μg/mL > 20 μg/mL > 0 μg/mL (Fig. 8C). Myoblast speed was also affected by the rANXA6 

with increasing dosage resulting in increased speed (Fig. 8D). Additionally, 20 μg/mL 

of rANXA6 enhanced myoblast fusion increasing the percentage of MyHC+ myotubes 

containing >3 nuclei relative to PBS treated myoblasts (Fig. 8E and F). While other 

components in the BLAJ ECM likely additionally contribute to the enhanced migration and 

fusion of myoblasts, these data demonstrate that ANXA6 itself mediates this enhancement.

Myoblast fusion to myotubes is understood to reflect enhanced myoblast differentiation. To 

explore the effects of rANXA6 treatment on myoblasts, we conducted RNA-sequencing 

on C2C12 myoblasts cells treated with 0 or 50 μg/mL rANXA6 for 48 h. rANXA6 

treatment separated treated myoblasts from PBS control by Principal Component Analysis 

(Supplemental Fig. 8A). Gene Ontology pathway analysis of rANXA6-treated myoblasts 

demonstrated upregulation in genes associated with muscle organ development, muscle 

cell differentiation and muscle contraction, consistent with the increase in migration and 

fusion of rANXA6 treated myoblasts (Fig. 8G). The top 20 upregulated genes in cells 

treated with rANXA6 include genes associated with skeletal muscle structures including 

Casq2, Myh3, Acta1, Tnnc2, Ckm, Mybph, Actc1, Tnnt3, and Myh1 Fig. 8H, Supplemental 

Fig. 8B). Other significantly upregulated genes include Myog, a muscle regulatory factor 

(MRF) essential for muscle development, Trim72, a muscle-enriched protein that facilitates 

vesicle/membrane reorganization, and Mymx, a muscle membrane fusion protein that is 

required for myoblast fusion. Upregulation of ECM genes was also observed in the rANXA6 

treated myoblasts including Dcn and Postn (Fig. 8I). Representative heatmaps exhibiting 

upregulation in the treated group in several muscle processes are presented in (Supplemental 

Fig. 9). HOMER motif analysis of the upregulated genes revealed enrichment for binding 

sites known to engage transcription factors critical for muscle cell differentiation, including 

Hoxa13, Pax3, Mef2c, Mef2b, and Myf5 (Fig. 8J). Taken together, these data demonstrate 

that ANXA6 exposure increases myoblast movement, fusion, and differentiation.
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Discussion

The “on-slide” dECM protocol preserves the spatial architecture and composition of the 
matrix. The on-slide dECM protocol removes the cellular components, increasing epitope 

exposure and allowing greater ECM protein accessibility and visualization [46]. Stearns-

Reider et al. used this method to compare intensely fibrotic regions of mdx scaffolds 

with less fibrotic regions. They found that differential collagen cross-linking and laminin 

deposition impacted skeletal muscle progenitor cell (SMPC) motility and the ability of 

SMPCs to remodel severe fibrosis. We now applied the on-slide dECM method to distinct 

muscular dystrophy models with different molecular pathologies, and we identified key 

differences in dECM protein deposition across these muscular dystrophy subtypes. Our 

findings of impaired C2C12 mobility on severe mdxD2 scaffolds compared to less fibrotic 

disease models are consistent with the observations of Stearns-Reider as C2C12 myoblasts 

had demonstrably defective migration on mdxD2 dECMs.

We evaluated three different primary mutations that cause muscular dystrophy, and 

compared how these mutations shifted the myoscaffold content. Two of the primary 

mutations, dystrophin and γ-sarcoglycan, share a similar pathological defect, namely a 

fragile sarcolemma that undergoes repetitive disruption and leak. However, dystrophin 

itself contributes directly to the stiffness of the sarcolemma, while the sarcoglycan 

complex is implicated in the attachment of sarcolemma to the surrounding matrix. Thus, 

the finding that the dECMs similarly impact matrix remodeling supports the defect in 

sarcolemmal stability as the major contributor to fibrosis. Both mdx and Sgcg mutants 

shared myoscaffold features, including similar matrisome protein profiles and associated 

fibrosis, and these features were even more evident in the DBA/2 J background, which is 

known to produce more fibrosis [20,21,24]. In particular, these models, mdx and Sgcg, in the 

DBA/2 J background had significantly increased levels of core matrisomal proteins THBS4, 

POSTN, and DCN within the dECM scaffolds. THBS4 regulates muscle attachment at the 

myotendinous junction and promotes sarcolemmal stability [58,63]. THBS4 is upregulated 

in human muscular dystrophies and their corresponding mouse models [55,58,64,65]. 

Transgenic overexpression of THBS4 in muscle protects against muscular dystrophy 

disease progression by stabilizing the sarcolemma through enhanced trafficking of the 

dystrophin-glycoprotein and integrin attachment complexes [58,64]. Moreover, secretion of 

THBS4 was shown to be an essential component to elicit these protective effects. Secretion-

deficient THBS4 resulted in reduced trafficking to the membrane and more severe muscular 

dystrophy. We observed THBS4 in puncta in mdxD2 myoscaffolds throughout the matrix, 

and these puncta likely reflect the normal secretion of THBS4 vesicles, supporting a role for 

THBS4 in transporting matrix-bound molecules.

We also observed upregulation of DCN in mdx and Sgcg myoscaffolds, and this 

upregulation was further enhanced by the DBA/2 J background. DCN is increased in the 

matrix of DMD muscle biopsies, likely due to the increased synthesis of DCN by DMD 

fibroblasts [54,56,59]. Upregulation of DCN in myoblasts was shown to improve muscle 

regeneration, indicating that DCN’s cell of origin impacts its effect [66]. POSTN is normally 

expressed at low levels in healthy tissues, but its expression is increased after acute injury 

and in muscular dystrophies [57,67]. Unlike THBS4, overexpression of POSTN exacerbated 
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muscle disease progression and promoted fibrosis formation in Sgcd-null mice, a model of 

LGMD2F [57]. In dECMs POSTN expression was increased in the more severe mdxD2 
dECM compared to the mild mdx and WT dECMs. We hypothesize that the increased 

TGF-β levels in this model upregulates Postn expression while Dcn is upregulated as a 

compensatory protective mechanism.

Dysferlin deficient muscle displays a distinct dECM content.

Dysferlin is a membrane associated protein implicated in resealing disrupted membranes, 

in contrast to the dystrophin complex and its role in stabilizing the sarcolemma [8,9]. 

Additionally, patients with DYSF mutations often have a distinct clinical course where 

muscle function is normal in early life unlike other forms of muscular dystrophy [14]. 

Similarly, mouse models lacking Dysf display a comparatively mild phenotype with certain 

muscles showing more pathology than others [68-70]. The pattern of increased annexin 

deposition and its vesicular pattern in dysferlin-deficient BLAJ muscle was only seen in 

dysferlin-deficiency, and this pattern is consistent with increased membrane recruitment of 

annexin A6 as an attempt to enhance membrane resealing. Through immunofluorescence 

microscopy and correlative light and electron microscopy (CLEM), annexin A6-positive 

vesicles have been visualized emerging from the membrane lesion seconds to minutes 

post membrane rupture [28,31]. The annexin vesicles identified in dECM scaffolds are 

plausibly derived from vesicles released from the injured myofiber repair caps, matching our 

finding that muscle-derived annexin deposits into the decellularized matrix. The distinct 

patterns of vesicular annexin A6 versus diffuse annexin A2 in the dECM scaffolds 

suggests the possibility that these matrix-associated proteins may have different cellular 

origins. Immunofluorescence imaging of 12-month-old BLAJ muscles showed annexin A2 

accumulation in the interstitial space which correlated with fibroblast markers PDGFRα and 

perilipin-1 [71]. In contrast, we found that only a fraction of annexin A6 was expressed 

near PDGFRα in BLAJ muscle, further illustrating the unique contribution of the individual 

annexins to diseased muscle tissue.

Compared to mdxD2 dECMs, BLAJ dECMs contained less fibrosis, with laminin and 

collagen content similar to WT matrices. mdxD2 scaffolds inhibited myoblast migration 

while dysferlin-deficient myoscaffolds increased myoblast movement, migration, and fusion. 

Muscle differentiation is a highly coordinated process that relies on cell intrinsic and 

extrinsic signaling events. MyoD and MyoG are both myogenic regulatory factors (MRF) 

that orchestrate myoblast differentiation to myotubes with MyoD preceding MyoG in 

the process. The transcriptome profile of C2C12 cells treated with rANXA6 supports 

a more MyoG-driven process, which is consistent with upregulation of fusogenic as 

well as sarcomeric proteins critical for fusion and myotube growth and matching. DYSF 
patient-derived myoblasts were previously shown to have reduced MyoG [72]. In vivo, the 

upregulation of ANXA6 and its ability to enhanced myoblast differentiation and Myog 

expression would serve to directly counteract these deficits. The upregulation of muscle 

genes combined with the in vitro increase in myoblast differentiation in the presence of 

recombinant annexin A6, supports extracellular annexin A6 as mediating muscle repair and 

regeneration. Furthermore, these findings are consistent with clinical observations of DYSF 
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patients having preserved exercise capacity in early life, and together this work highlights 

the importance of matrix contributions to muscle health.

Materials and methods

Animals.

All animals were bred and housed in a pathogen free facility. Wild-type (WT) are from 

the C57BL/6 strain, unless otherwise stated. C57BL/10ScSn-Dmdmdx/J (mdx), D2.B10-

Dmdmdx/J (mdxD2), and Bb.A-Dysfprmd/GeneJ (BLAJ) mice were originally purchased 

from The Jackson Laboratory (strains #:001801, #:013141, and #:012767 respectively). 

Sarcoglycan γ-null (Sgcg) mice were previously generated on the C57BL/6 background 

and Sgcg 521ΔT (SgcgD2) were previously generated on the DBA/2 J background [16,73]. 

Where mice from the D2 backgrounds were used, wild-type (WTD2) mice were from the 

DBA/2 J strain and are indicated as such. Seven- to eight-month male and female mice were 

used for all experiments. Mice were bred and housed in a specific pathogen free facility on a 

12-hour light/dark cycle and fed ad libitum.

Study Approval.

All procedures using mice followed Guide for the Care and Use of Laboratory Animals and 

were approved by Northwestern University’s Institutional Animal Care and Use Committee.

Decellularization.

Quadriceps muscle was collected, and flash frozen in liquid nitrogen. Sections were 

cryosectioned at 25μm (Leica CM1950) and mounted on charged Superfrost Plus 

Microscope Slides (cat# 1255015; Fisher Scientific). Slides were stored at −80 °C. 

Decellularization was performed as in Stearns-Reider et al., 2023 with the following 

modifications [46]. Slides were allowed to thaw to room temperature for 1 hr prior to 

decellularization. Slides were then placed in a 15 mL UltraPure Sodium Dodecyl Sulfate 

(SDS) solution (cat# 15553035; Invitrogen) diluted with PBS to 0.1 % or 1 % concentration 

for 60 or 10 min, respectively, under constant agitation (40 rpm). Slides were then placed 

in 100 mm x 100 mm square petri dishes 3 slides per dish (Fisher cat#FB0875711A) 

containing 13 mL of PBS (with calcium & magnesium [Cat# 21030CV; Corning]), for 15 

min, then placed in a fresh 13 mL of PBS for 45 min, followed by 13 mL UltraPure Distilled 

H2O (cat# 10977015; Invitrogen) for 30 min, and a final 13 mL PBS wash for 45 min. All 

wash steps were done under constant agitation (40 rpm). Decellularized slides were either 

fixed for histology/immunostaining or stored in PBS.

DNA Extraction.

DNA was extracted from quadriceps muscle tissues using the DNeasy Blood & Tissue 

Kit (cat# 69504; Qiagen) and DNA concentration measured on a NanoDrop 2000 

Spectrophotometer (Thermo Scientific). DNA electrophoresis was visualized using a Bio-

Spectrum Imaging system Chemi 410 (UVP).
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Histology.

Quadriceps muscle was harvested and fixed in 10 % formalin. Hematoxylin and eosin (cat# 

12013B and 1070C; Newcomer Supply), Sirius Red (cat# 24901250; Polysciences, Inc), or 

Alcian Blue (cat#A3157; Sigma) staining was performed per manufacturer’s protocol. All 

images were acquired on the Keyence BZ-X810 microscope with a 40x objective and same 

exposure settings across all genotypes.

Protein isolation.

Tibialis anterior muscles were harvested and flash-frozen in liquid nitrogen. Tissues were 

ground with a mortar and pestle and lysed in Whole Tissue Lysis buffer (50 mM HEPES pH 

7.5, 150 mM NaCl, 2 mM EDTA, 10 mM NaF, 10 mM Na-pyrophosphate, 10 % glycerol, 1 

% Triton X-100, 1 mM phenyl-methylsulfonyl fluoride, 1x complete Mini protease inhibitor 

cocktail [cat # 11836170001; Roche], 1x PhosSTOP [cat# 04906837001; Roche]) and 

homogenized using a TissueLyser II (Qiagen) at a frequency of 30.0 1/s and time of 2.00 

min/sec for 6 rounds. Protein lysates were then centrifuged at 20,000xg for 20 min to 

separate the soluble and insoluble fractions. The soluble supernatant layer was placed in a 

separate tube and the insoluble pellet layer was resuspended with an 8 M Urea buffer (8 M 

Urea [cat#U4883; MilliporeSigma], 2 mM EDTA, 10 mM DTT, 1x complete Mini protease 

inhibitor cocktail [cat # 11836170001; Roche]). The protein concentration was measured 

with the Quick Start Bradford 1x Dye Reagent (cat# 5000205; Bio-Rad Laboratories).

Immunoblotting.

20–25μg of protein lysate with 4x Laemmli buffer (cat# 1610747; Bio-Rad Laboratories 

was separated on 4–15 % Mini-PROTEAN TGX Precast Protein Gels (cat# 4561086; Bio-

Rad Laboratories) and transferred to Immun-Blot PVDF Membranes for Protein Blotting 

(cat# 1620177; Bio-Rad Laboratories). Membranes were reversibly stained for total protein 

with Ponceau S Staining Solution (cat# A40000278; Thermo Scientific) to ensure transfer 

and equal loading prior to antibody incubation. Blocking and antibody incubations were 

done using StartingBlock T20 (TBS) Blocking Buffer (cat# 37543; Thermo Scientific). 

Primary antibodies were used at 1:1000 except for anti-thrombospondin-4 and anti-TIMP-1 

which were diluted at 1:100. Secondary antibodies conjugated with horseradish peroxidase 

were used at 1:2500 (cat# 111035003; Jackson ImmunoResearch Laboratories). Clarity 

Western ECL Substrate (cat# 1705061; BioRad Laboratories) was applies to membranes 

and visualized using an iBright 1500 Imaging System (Invitrogen). Pierce Reversible 

Protein Stain Kit for PVDF Membranes (including MemCode; cat# 24585; Thermo Fisher 

Scientific) was used to ensure equal loading.

Immunostaining and immunofluorescence imaging.

Decellularized quadriceps cryosections (dECMs) were fixed in 4 % paraformaldehyde, 

rinsed, and blocked with a 1 % BSA/10 % FBS blocking buffer for 1 hour. The dECMs 

were incubated with the primary antibodies overnight at 4 °C at 1:100. The dECMs were 

then incubated with the secondary antibodies at 1:2500 for 1 hr. The dECMs were mounted 

with ProLong Gold Antifade Reagent (cat# P36934; Invitrogen) and images acquired on a 

Keyence BZ-X810 microscope with 20x, 40x, 60x and 100x objectives. Z-stack projections 
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were acquired at 100x combined with optical sectioning. All image exposure settings 

were kept consistent across genotypes. Matrisome protein quantification was performed 

on 18 images per strain, unless otherwise noted. Specifically, protein-matrix deposition was 

assessed through tiled imaging of the entire cross-sectional area. From each muscle, three 

representative 40x images were taken from two decellularized 25 μm scaffolds per animal 

for a total of 6 images per animal. Images were selected to be representative containing 

degenerating and regenerating regions. Fluorescence intensity was quantified using ImageJ 

(NIH).

Antibodies.

Primary antibodies used for immunoblotting and immunostaining: anti-annexin A6 (cat# 

ab199422; Abcam), anti-annexin A2 (cat# 610068; BD Bioscience), anti-caveolin 3 

(cat# NBP128917; Novus Bio), anti-collagen type 1 (cat# CL50151AP1; Cedarlane), 

anti-decorin (cat# AF1060; R&D Systems), anti-dystrophin (cat# PA137587; Invitrogen), 

anti-HSP90 (cat#4874; Cell Signaling Technologies), anti-laminin-2 (α–2 Chain) (cat# 

L0663; MilliporeSigma), anti-MMP9 (cat# ab38898; Abcam), anti-myosin 4 (cat# 

PA550065; Invitrogen), anti-periostin/OSF-2 (cat# NBP130042; Novus Bio), anti-Mo 

CD140a (PDGRFα) (cat# 17140181; Invitrogen), anti-TGF Beta 1 (cat# 218981AP; 

Proteintech and cat# MA515065; Invitrogen), anti-Thrombospondin-4 (cat# AF2390; R&D 

Systems), and anti-TIMP-1 (cat# AF980; R&D Systems). Secondary antibodies used: Alexa 

Fluor 488 goat anti-rat (cat# A11006; Invitrogen), Alexa Fluor 594 goat anti-rabbit (cat# 

A11012; Invitrogen) and Alexa Fluor 594 donkey anti-goat (cat# A11058; Invitrogen).

Adeno-associated virus production and dosing.

To achieve muscle specific expression of human annexin A6, AAV9-MHCK7-hANXA6-

turboGFP was generated and packaged at Vector builder. As a viral plasmid control, liver 

specific expression of human annexin A6, AAV9-TBG-hANXA6-turboGFP was generated 

and packaged at Vector builder. At 28days of age, mdxD2 mice were injected with 5e13 

vg/kg AAV9-MHCK7-hANXA6-turboGFP or PBS control in a total of 100 μl. Four weeks 

post injection, mice were euthanized. Tissues were harvested and stored at −80C.

Recombinant protein production.

Recombinant human annexin A6 (rANXA6) was generated in E.Coli using standard 

methods [74]. Protein was diluted in TBS with endotoxin levels less than 1.5 EU/mg.

Myoscaffold reseeding, live-cell imaging, and differentiation.

After decellularization as described above, MatTek chambers (cat# CCS-2; MatTek) were 

attached to slides mounted with skeletal muscle dECMs. The acellular myoscaffolds 

were incubated in DMEM proliferation media containing 10 % FBS and 1 % penicillin/

streptomycin for 24 hrs prior to reseeding with C2C12 myoblasts (cat# CRL-1772; ATCC). 

For live-cell imaging cells were stained with Hoechst 33342 for 5-minutes and then seeded 

onto the acellular myoscaffolds at a density of 25,000 in 2mLs media per chamber. Seeded 

slides were imaged in a temperature and CO2 controlled incubation chamber (STR Stage 

Top Incubator; Tokai Hit) and images acquired every 20 min over 48 hrs on a Keyence 
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BZ-X810 microscope with 20x phase contrast objectives. For recombinant annexin A6 

experiments, cells were treated with 0, 20 or 50 μg/ml of recombinant annexin A6 in 

media. All image exposure settings were kept consistent across all genotypes. Cell tracking 

analysis was performed using the Dynamic Tracking software on the Keyence. For myoblast 

differentiation analyses C2C12s were seeded onto the decellularized myoscaffolds at a 

density of 150,000 in 1.5mLs media per chamber and were cultured in proliferation media 

for 24 hrs prior to switching to DMEM differentiation media containing 2 % Horse Serum 

and 1 % penicillin/streptomycin. Myoblasts were allowed to differentiate for 96 hrs and 

were then fixed with 4 % PFA for subsequent IFM analysis and quantification [75]. C2C12 

fusion analyses were performed on 9 images per condition. Nuclei quantification was 

performed using Image J (NIH). Fusion index was calculated as the number of myonuclei 

within MyHC-positive myotubes divided by the total number of nuclei present in the field.

Bulk RNA sequencing and data analysis.

C2C12 cells were seeded at a density of 25,000 in 2mLs media per chamber. Cells were 

treated with 0 or 50 μg/ml of recombinant annexin A6 in proliferation media 24 hrs post 

seeding and were harvested 48 hrs post treatment. Cell pellets were transported to the 

NUSeq Core Facility at Northwestern University for RNA extraction and sequencing, where 

the samples were indexed and pooled for 50 bp single-end sequencing. Raw reads were 

mapped to mm10 using STAR aligner and gene counts were computed by HT-Seq. Read 

count normalization and differential expression analysis was conducted using R package 

DESeq2 (v1.38.3). Differentially expressed genes were selected based on adjusted p-value 

< 0.05. Gene Ontology analysis of differentially expressed genes was conducted using 

enrichGO function in R package clusterProfiler (v4.6.2). Motif analysis of differentially 

expressed genes was performed using HOMER [76].

Statistical Analyses.

Statistical analyses were performed with Prism (GraphPad, La Jolla, CA). Comparisons 

relied on 1-way ANOVA for 1 variable or 2-way ANOVA for two variables. Otherwise, 

unpaired two-tailed t-tests were performed. A p-value less than or equal to 0.05 was 

considered significant. Data were presented as single values were appropriate. Error bars 

represent ± standard error of the mean (SEM).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ECM Extracellular matrix

dECM decellularized extracellular matrix

DMD Duchenne Muscular Dystrophy

LGMD Limb Girdle Muscular Dystrophy
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Fig. 1. 
SDS optimization for on-slide decellularization of skeletal muscle. Representative images 

of Hematoxylin & Eosin (H&E) staining of wild-type (WT) and mdx quadriceps muscles 

that were decellularized with 1 % SDS or 0.1 % SDS for 10 to 60 min. Non-decellularized 

sections, treated with PBS only, served as controls (0 min). (A) Exposure of slides to 1 

% SDS solution produced complete decellularization of the myoscaffolds after 10 min. (B) 

At 0.1 % SDS, longer incubation times were needed for decellularization, with loss of 

visualized cellular components achieved at 60 min. Scale bar, 100μm.
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Fig. 2. 
Acellular myoscaffolds retained ECM architectural integrity and glycosaminoglycans after 

on-slide decellularization. Muscle sections from WT and multiple muscular dystrophy 

mouse models including mdx, mdxD2, BLAJ, Sgcg, and SgcgD2 were decellularized 

with a 1 % SDS solution (1 %) for 10 min. Details for each mouse strain are shown 

in Supplemental Table 1. The non-decellularized control was incubated in PBS (0 %). 

Representative images of (A) H&E, (B) Sirius Red, and (C) Alcian Blue staining 

demonstrate removal of visualized cellular components, preservation of the dECM collagen 

structure and retention of glycosaminoglycans respectively. Scale bar, 100μm.
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Fig. 3. 
Acellular myoscaffolds from dystrophic models demonstrated excess collagen deposition in 

all models. Shown is immunofluorescence microscopy (IFM) of 1 % SDS decellularized 

myoscaffolds from WT and muscular dystrophy mouse models (mdx, mdxD2, BLAJ, Sgcg, 

and SgcgD2). PBS was used for a non-decellularized control (0 %). Representative images 

of (A) laminin-2 (α–2 chain) (B) collagen I, and (C) Hoechst staining demonstrate the 

intact nature of the ECM protein. All dECMs displayed brighter collagen signal, consistent 

with detergent-enhanced epitope unmasking. Greater collagen detection in the muscular 

dystrophy models was evident with broader regions of collagen deposition. Hoechst staining 

confirms removal of cellular DNA. Scale bar, 100μm.
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Fig. 4. 
Acellular myoscaffolds differentially retained core matrisome proteins decorin, periostin 

and thrombospondin 4 in different muscular dystrophy models. (A) Core matrisome 

protein distribution as defined by [60]. (B) Proteins selected for analysis in dECMs. (C) 

Representative IFM images from WT and mdx, mdxD2, and BLAJ dECMs showing co-

staining with antibodies against decorin (DCN), periostin (POSTN), or thrombospondin-4 

(THBS4) (red) with laminin-2 (α–2 chain) (LAMA2, green). DCN was observed diffusely 

throughout dystrophic dECMs from the DBA/2 J background (mdxD2). POSTN was 

increased in all muscular dystrophy subtypes. THBS4 protein expression, like DCN, was 

more focally upregulated in specific regions of the dystrophic myoscaffolds and was 

especially increased in muscular dystrophy models in the DBA/2 J background. Scale bar, 
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100μm. Quantitation of IFM signal demonstrated a significant increase in mean fluorescent 

intensity in myoscaffolds (D) DCN (WT 9.7, mdx 13.2, mdxD2 17.3, BLAJ 12.3 AU), (E) 

POSTN (WT 2.6, mdx 14.3, mdxD2 17.0, BLAJ 12.7 AU), and (F) THBS4 (WT 7.8, mdx 
9.8, mdxD2 14.6, BLAJ 8.5 AU). n = 3 independent mice per strain (marked as n1, n2, 

n3), n = 6 images from 2 scaffolds per mouse. (G,H) 100x Z-stack representative images 

of POSTN or THBS4 (red) with LAMA2 (green) demonstrate unique protein deposition 

profiles on the acellular myoscaffolds. POSTN was increased in dysferlin-deficient BLAJ, 

nearly obliterating the LAMA2 signal (right). In contrast, POSTN signal was interspersed 

with LAMA2 signal in mdxD2 dECMs (left). In mdxD2 dECM, THBS4 was observed in the 

matrix in a vesicle-like pattern (thin white arrow). Scale bar, 50μm. Graphs show the mean 

with SEM bars. * p < 0.05, ** p < 0.01, *** p < 0.005, and **** p < 0.001 by one-way 

ANOVA.
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Fig. 5. 
Acellular myoscaffolds retained matrisome-associated proteins MMP9, TIMP-1, and TGFβ–

1 and demonstrate differential expression across different dECM models. (A) Matrisome-

associated protein distribution as defined by [60]. (B) Selected proteins studied in dECMs. 

(C) Representative IFM images of dECMs co-stained with antibodies to laminin-2 (α–2 

chain) (LAMA2, green) and MMP9, TIMP-1, or TGF-β1 (red). MMP9 and TGF-β1 dECM 

content was increased in muscular dystrophy models from the DBA/2 J background. Scale 

bar, 100μm. (D) MMP9 (WT 12.7, mdx 18.5, mdxD2 23.9, BLAJ 16.8 AU), (E) TIMP-1 

(WT 10.2, mdx 13.2, mdxD2 13.4, BLAJ 13.6 AU), and (F) TGF-β1 (WT 3.5, mdx 4.4, 

mdxD2 7.4, BLAJ 5.7 AU) mean fluorescent intensity in myoscaffolds. n = 3 independent 

mice per strain (marked as n1, n2, n3), n = 6 images from 2 scaffolds per mouse. Graphs 

show the mean with SEM bars. * p < 0.05, ** p < 0.01, *** p < 0.005, and **** p < 0.001 

by one-way ANOVA.
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Fig. 6. 
Excess deposition of annexins in dysferlin deficient myoscaffolds. (A) Representative IFM 

images from acellular myoscaffolds generated from WT and mdx, mdxD2, and BLAJ 
muscles evaluated for annexin A2 (ANXA2) and annexin A6 (ANXA6) (red) with anti- 

laminin-2 (α–2 chain) (LAMA2, green). ANXA2 exhibits a diffuse pattern, while ANXA6 

is vesicular. All scale bars are set at 100 μm. (B) ANXA2 (WT 1.6, mdx 1.6, mdxD2 
2.7, BLAJ 3.9 AU) and ANXA6 (WT 4.1, mdx 6.0, mdxD2 10.2, BLAJ 16.8 AU) mean 

fluorescent intensity in myoscaffolds was significantly upregulated in BLAJ scaffolds, n 
= 3 independent mice per strain (marked as n1, n2, n3), n = 6 images from 2 scaffolds 

per mouse. (C) 100x Z-stack images of ANXA2 (red) with LAMA2 co-staining (green) 

demonstrated diffuse expression on the dECMs generated from WT, mdxD2 and BLAJ 
muscle. Scale bars 100 μm. (D) Tiled image of a full thickness BLAJ dECM scaffold. 
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ANXA6 staining was present throughout the myoscaffold, while ANXA2 staining was 

concentrated into focal areas. Scale bars 500 μm. (E) 20x and 100x Z-stack images of 

ANXA6 illustrated a unique protein deposition profile on BLAJ myoscaffolds. ANXA6 

(red) appeared in the matrix in a vesicle-like pattern (thin white arrow), which formed 

a concentrated ring of protein (thick white arrows). Scale bars 100 μm. (F) Acellular 

myoscaffolds were generated from AAV9-MHCK7-ANXA6-GFP and PBS treated mice. Z-

stack immunofluorescent imaging revealed anti-GFP vesicular staining (green), representing 

the presence of muscle derived ANXA6-GFP, within the matrix of AAV9 muscle with 

minimal signal in PBS treated muscle. LAMA2 (red) staining marks the matrix. Scale 

20 μm low magnification and 10 μm high magnification images. Scale Bars 20 μm. (G) 

Representative 100x IFM images of BLAJ muscle sections evaluated for co-localization 

of ANXA6 (Green) and PDGFRα (Purple). ANXA6 does not completely co-localize with 

PDGFRα. Scale Bars 20 μm. Graphs show the mean with SEM bars. * p < 0.05, ** p < 0.01, 

*** p < 0.005, and **** p < 0.001 by one-way ANOVA.
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Fig. 7. 
mdx myoscaffolds inhibit C2C12 myoblasts movement while BLAJ myoscaffolds enhance 

C2C12 myoblast movement and differentiation. (A) Representative phase contrast images 

of C2C12 myoblasts seeded onto dECMs from WT, mdx, mdxD2, and BLAJ mice. (B) 

Blue (WT), orange (mdx), red (mdxD2), and purple (BLAJ) lines depict cellular movement 

trajectory over 24 h. Quantification of C2C12 cell movement demonstrated a significant 

difference in (C) distance per frame (WT 3.91, mdx 3.10, mdxD2 2.98, and BLAJ 5.41 

μm), (D) distance traveled from start position (WT 69.24, mdx 43.99, mdxD2 27.12, and 

BLAJ 76.78 μm), and (E) speed (WT 11.89, mdx 9.31, mdxD2 8.80, and BLAJ 16.34 μm/h) 

among the WT and dystrophic myoscaffolds. Myoscaffolds prepared from two mice per 

genotype; n = 73 images per cell, with 8–11 myoblasts tracked per genotype. C2C12 cells 

were seeded onto WT and BLAJ dECM scaffolds and allowed to differentiate for 96 hrs. (F) 
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Representative IFM images of MyHC+ (red) with LAMA2 (green) demonstrate increased 

myoblast differentiation in cells seeded on the BLAJ dECM. Scale Bars 100 μm. (G) Equal 

numbers of nuclei per field were present on WT or BLAJ dECMs. (H) Muscle fusion index 

was increased on BLAJ myoscaffolds. (I) Significantly increased percentage of MyHC + 

myotubes with 2 and 3+ nuclei per myotube present on BLAJ dECMs compared to WT. 

Graphs show the mean with SEM bars. * p < 0.5, ** p < 0.01, *** p < 0.005, and **** p < 
0.001 by one-way ANOVA.
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Fig. 8. 
Treatment with recombinant Annexin A6 increased myoblasts movement and differentiation 

and elicited a transcriptomic signature of enhanced differentiation. C2C12 cells were treated 

with recombinant ANXA6 (rANXA6) and tracked; (A) Grey (untreated), light pink (20 

μg/mL rANXA6) and pink (50 μg/mL rANXA6) lines depict cellular movement trajectory 

over 12 h. Quantification of rANXA6-treated myoblasts demonstrated a significant 

difference in (B) distance per frame (0 μg/mL 6.01, 20 μg/mL 7.23, and 50μg/mL 12.09 

μm), (C) distance traveled from start position (0 μg/mL 32.18, 20 μg/mL 49.72, and 

50μg/mL 55.43 μm), and (D) speed (0 μg/mL 18.04, 20 μg/mL 21.78, and 50 μg/mL 

36.20 μm). Treatments were conducted on two different passages; n = 37 images per cell, 

with 8 myoblasts tracked per treatment. (E) Representative IFM images of MyHC (red) 

with Hoechst (blue) demonstrate increased myoblast differentiation in cells treated with 

Long et al. Page 30

Matrix Biol. Author manuscript; available in PMC 2024 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



20μg/mL rANXA6. Scale bars 100 μm (F) Significantly increased percentage of MyHC 

myotubes with >3 nuclei on BLAJ myoscaffolds compared to WT. (G) C2C12 myoblasts 

treated with rANXA6 increased expression of Gene Ontology terms for muscle processes 

and differentiation. Representative heatmaps demonstrated upregulation of genes associated 

with (H) muscle cell differentiation and the (I) extracellular matrix in the rANXA6 treated 

myoblasts. (J) HOMER motif analysis demonstrates consensus sequences for several muscle 

cell differentiation transcription factors. Graphs show the mean with SEM bars. * p < 0.5, ** 

p < 0.01, *** p < 0.005, and **** p < 0.001 by one-way ANOVA.
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